The growth characteristics of a bromodeoxyuridine-dependent cell line that was derived from a non-contact-inhibited Syrian hamster melanoma line were studied. The dependent cells require high concentrations of bromodeoxyuridine not only for optimal growth but also for the maintenance of the non-contact-inhibited state. When grown in the absence of bromodeoxyuridine, the dependent cells become contact-inhibited. The transition to the contact-inhibited state is reversed when bromodeoxyuridine is added back to the medium, if the bromodeoxyuridine is incorporated into dividing cells. The effects of bromodeoxyuridine on growth rate and on contact inhibition are separable.
We recently described a new mutation in mammalian cellsbromodeoxyuridine dependence (1) . The mutant cells require the drug 5-bromodeoxyuridine (BrdU) for optimal growth, and the concentration of BrdU at which these cells grow most rapidly is toxic to most other cells. In the absence of BrdU, the mutant cells continue to multiply but at a significantly reduced rate. The requirement for BrdU in these cells is specific, not being satisfied by thymidine or related analogues such as iododeoxyuridine. The mutant cells incorporate BrdU into nuclear DNA, replacing approximately 50% of the thymidine residues with BrdU. In the presence of BrdU plus inhibitors of thymidine biosynthesis, the cells grow with essentially 100% of the thymidine replaced by BrdU (2) .
The BrdU-dependent cells were derived from a highly malignant Syrian hamster melanoma cell line. Like other malignant cells in culture, the melanoma cells are not contactinhibited, i.e., they do not cease growing when they have formed a confluent monolayer. In the presence of BrdU, the BrdU-dependent cells are similarly not contact-inhibited. However, in the absence of BrdU, the dependent cells become contact-inhibited. This change in the pattern of growth is of special interest because contact inhibition is a characteristic generally associated with nonmalignant cells. (The mechanisms of contact inhibition are not understood, and the role of cell contact per se remains to be demonstrated.) This paper describes the requirement of BrdU for the maintenance of the non-contact-inhibited state in the BrdU-dependent cells.
MATERIALS AND METHODS
Cell Lines and Growth Media. The isolation of the BrdUdependent cell line B4 from the Syrian hamster melanoma line RPMI 3460 was described previously (1) . The 3460 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal-calf serum (E medium). The B4 cells were maintained in E medium containing 0.1 mM BrdU (E-B medium). A revertant cell line, able to grow well in BrdU but no longer requiring it, was isolated from B4. The B4 cells were first cloned in E medium, and a clone of rapidly growing cells, called B4-E18, was isolated. The B4-E18 cells were then cloned in E-B medium, and a subclone, B4-E18-B2, which grew well in the presence of BrdU was isolated. All of the cell lines were protected from exposure to light of wavelengths below 550 nm by equipping the laboratory with special lighting and filters.
Growth (2.5 ,Ci/ml). The extent of BrdU substitution in the nuclear DNA of these cells was determined as previously described (2) . The determination of BrdU substitution was kindly performed by Dr. Michael Bick.
RESULTS
Growth curves for B4 cells in the presence and absence of BrdU are shown in Fig. 1 106 cells per dish. The cells in E medium remain at this density even when the medium is replaced with fresh E medium every 3-4 days. B4 cells are also contact-inhibited in E mediumsupplemented with thymidine (see Fig. 1 ) or iododeoxyuridine (data not shown). These results suggest that B4 cells require BrdtT specifically to maintain their non-contact-inhibited state.
As shown in Fig. 1 of population doublings since the cells were removed from E-B medium, and is not due to the loss of cell viability.
The saturation density of B4 cells is quantitatively related to the BrdU concentration in the medium. In the range of BrdU concentrations from 1 IAM to 100 uM, the lower the concentration of BrdU, the lower the saturation density (see Fig. 2 ). also been observed for mouse melanoma cells exposed to BrdU (4). The transition of the dependent cells in E medium to the contact-inhibited state and the morphological changes correlated with this transition are reversed when BrdU is added back to the medium under certain conditions (see Fig. 4 ). If B4 cells are shifted from E to E-B medium while they are still actively dividing, they grow past the point of confluence and attain the same density as cells maintained continuously in E-B medium. However, if the cells are shifted to E-B medium after they have become confluent in E medium and growth has ceased, then they remain at the same density as cells not shifted to E-B medium. (About 2 weeks after the addition of BrdU to cultures that have become confluent in E medium, the cell number begins to increase. This is not due, however, to the reinitiation of growth of the entire cell population. Rather, a small number of foci, fewer than 100 per dish, of dividing non-contact-inhibited cells appear, and the cells in these foci grow on top of the nondividing monolayer of contact-inhibited cells.) If, instead of simply replacing the E medium in the confluent cultures with E-B medium, we collect the cells in E medium by trypsinization and replate them at lower densities in E-B medium, then they begin to grow rapidly (after an initial lag) and attain the same density as cells maintained continuously in the presence of BrdU. When the cells begin to grow again in E-B medium, they lose the spindle-shaped morphology which they had acquired in E medium and regain the rounded shape typical of B4 cells maintained in E-B medium.
In order to investigate further the reversibility of the changes that occur when B4 cells are grown without BrdU, we carried out "wounding" (5) experiments. Confluent monolayers of B4 cells grown in E medium were "wounded" by scraping away small areas of cells with a thin glass rod, and the "wounded" cultures were renewed with fresh E or E-B medium. In both media, cells migrate into the cleared areas and begin to grow. In E-B medium, the cleared areas become filled with rounded, non-contact-inhibited cells, similar to B4 cells maintained in BrdU, while in the areas adjacent to the wound the cells remain spindle-shaped and contact-inhibited (see Fig. 3 ).
In contrast, in E medium the cleared areas are filled in with spindle-shaped, contact-inhibited cells. The results of this experiment and of the experiment described just above suggest that BrdU can reverse the transition to the contact-inhibited state only if the BrdU is incorporated into dividing cells. The results of the "wounding" experiment also indicate that cells which have incorporated BrdU can grow as non-contactinhibited cells in the same medium with cells which had become confluent in the absence of BrdU and which remain contact-inhibited.
.Proc. Nat. Acad. Sci. USA 71 (1974) The results presented above indicate that B4 cells require BrdU not only for optimal growth as previously reported (1) but also for the maintenance of the non-contact-inhibited state. Experiments with the revertant cell line B4-E18-B2 were undertaken to determine whether or not the effects of BrdU on growth rate and on saturation density can be separated. At densities below 5 X 105 cells per dish, the B4-E18-B2 cells grow at the same rate in E and E-B medium (see Fig. 5 ). This is in contrast to B4 cells, whose growth is retarded in the absence of BrdU. [This difference between the dependent and revertant cell lines is not due to differences in BrdU substitution. It was previously shown that the dependent and revertant cells incorporate equal amounts of BrdU into their nuclear DNA (1) .] However, when the revertant cells approach confluence, at densities between 5 X 105 and 100 cells per dish, their growth in the absence of BrdU is inhibited. Like B4 cells, the revertant cells are non-contactinhibited in E-B medium but become contact-inhibited in E medium. The revertant cells in E medium also show morphological changes which are similar to, but not quite as marked as, the changes exhibited by B4 cells grown in E medium. These results indicate that the requirement of BrdU for optimal growth and the requirement of BrdU for the maintenance of the non-contact-inhibited state can be separated.
DISCUSSION
The results presented in this paper demonstrate that a BrdUdependent cell line isolated from a highly malignant noncontact-inhibited melanoma line requires high concentrations of BrdU not only for optimal growth (1) but also for the maintenance of the non-contact-inhibited state. In the presence of 0.1 mM BrdU, the mutant cells are non-contact-inhibited. However, when grown in the absence of BrdU, the mutant cells become contact-inhibited, in the sense that they stop growing when they have formed a confluent monolayer. studies with the revertant cell line indicate that the cells can lose the requirement of BrdU for optimal growth while retaining the requirement of BrdU for the maintenance of the noncontact-inhibited state. This suggests that these two aspects of BrdU dependence may involve different mechanisms within the cells.
At present, the phenomenon of contact inhibition is not understood, and a definite role of cell contact per se has not been established. It has been suggested that one factor responsible for the cessation of growth of contact-inhibited cells is the depletion of growth factors in the medium, especially serum growth factors (5, 6) . If contact inhibition in the BrdU-dependent cells in the absence of BrdU is due to such depletion of growth factors, then BrdU seems to alter the cells in such a way that these factors are no longer required. This conclusion is based on the results of the "wounding" experiments described above.
In terms of contact inhibition and cell morphology, the differences between the BrdU-dependent cells grown in the presence and absence of BrdU resemble the differences between transformed cells and normal cells. Other characteristics that generally distinguish transformed cells from normal cells, for example, ability to grow in soft agar and agglutinability by plant lectins, have been investigated in the BrdU-dependent cells grown in medium with and without BrdU (D. Horn and R. L. Davidson, in preparation).
The BrdU-dependent cells represent a unique case in which a small molecule (BrdU) that is generally toxic to cells is required for the maintenance of the non-contact-inhibited state. The mechanism of this effect is not known. It is possible that the requirement for BrdU involves its incorporation into DNA. Another possibility is that BrdU is having an effect on, some metabolic pathways involved in the synthesis of membrane components. The results of experiments described in this paper suggest that BrdU must be incorporated into dividing cells in order to restore the non-contact-inhibited state to cells that had become contact-inhibited in the absence of BrdU. At present it is not known why cell division is necessary before BrdU can reverse the transition to the contact-in- The elucidation of the mechanisms underlying the requirement of BrdU to maintain the non-contact-inhibited state of the BrdU-dependent cells may help to determine which processes are altered when normal contact-inhibited cells are transformed into malignant, non-contact-inhibited cells.
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